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Abstract 

Dark energy interacting with dark matter is a promising model to solve the cosmic coincidence problem. We study the 
signature of such interaction on large scale cosmic microwave background (CMB) temperature anisotropies. Based on the 
detail analysis in perturbation equations of dark energy and dark matter when they are in interaction, we find that the large 
scale CMB, especially the late Integrated Sachs Wolfe effect, is a useful tool to measure the coupling between dark sectors. 
We also discuss the possibility to detect the coupling by cross-correlating CMB maps with tracers of the large scale structure. 
We finally perform the global fitting to constrain the coupling by using the CMB power spectrum data together with other 
observational data. We find that in the la range, the constrained coupling between dark sectors can solve the coincidence 
problem. 

PACS numbers: 98.80.Cq, 98.80.-k 



* wangb@fudan.edu.cn 



1 



I. INTRODUCTION 



Advances in cosmological observations have presented us a concordance picture that our present universe is ac- 
celerating and the dominant mass-energy components for the evolution of the universe in the standard model are 
non-baryonic cold dark matter (DM) and dark energy field (DE)[J , 2, 3]. The DE is identified as the engine for the 
accelerated expansion. The leading interpretation of such DE is a cosmological constant with equation of state (EoS) 
w = — 1. While the cosmological constant is consistent with the observational data, at the fundamental level it fails 
to be convincing: the vacuum energy density falls below the value predicted by any sensible quantum field theory by 
many orders of magnitude, and it unavoidably leads to the coincidence problem, i.e., "why are the vacuum and matter 
energy densities of precisely the same order today?" . More sophisticated models have been proposed to replace the 
cosmological constant by a dynamical dark energy in the conjectures relating the DE cither to a scalar field called 
quintessence with w > —1, or to an exotic field called phantom with w < ~1. However, there is no clear winner in 
sight to explain the nature of DE at the moment. 

Most available discussions on the DE were in the minimal picture which assumed that DE does not feel any significant 
interactions from DM. Although this picture is consistent with current observations, considering that DE and DM 
account for significant fractions of the content of the Universe, it is still natural, in the framework of field theory, to 
consider their interaction. The possibility that DE and DM can interact with each other has been widely discussed 
recently [4]-[25]. It has been shown that the coupling between DE and DM can provide a mechanism to alleviate the 
coincidence problem [4, 5, 7, 8]. Furthermore, it was suggested that the dynamical equilibrium of collapsed structures 
such as clusters would get modification due to the coupling between DE and DM [13, 18]. The influences on the growth 
of cosmic structure due to the coupling between dark sectors were also shown in [25, 26]. Observational signatures on 
the dark sectors' mutual interaction have been found in the probes of the cosmic expansion history by using the SNIa, 
BAO and CMB shift data etc [14, 19, 20]. In addition, it has been argued that an appropriate interaction between DE 
and DM can influence the perturbation dynamics and affect the lowest multipoles of the CMB power spectrum [9, 10]. 
Recently there has been some concern about the stability of the perturbations if DE and DM interact [] 'i]. However, 
it was proved in [IG] that the stability of the curvature perturbation depends on the types of coupling between dark 
sectors and the EoS of DE. Based on the result in [Ki], we are in a position to carry out the global fltting to probe 
the interaction between dark sectors by using the CMB power spectrum data together with other observational data. 

Recently the WMAP data showed the deflcit of large scale power in the temperature map, in particular in the CMB 
quadrupole. The signiflcant contribution to the fluctuations on these scales is the late Integrated Sachs Wolfe (ISW) 



2 



effect which is induced by the passage of CMB photons through the time evolving gravitational potential when the 
universe enters a rapid expansion phase once DE dominates. The late ISW effect has the unique ability to probe the 
"size" of DE. Much effort has been put into determining the EoS and the speed of sound of DE [27, 28]. Whether the 
late ISW can give insight into the coupling between dark sectors is an interesting question. In this paper we are going 
to discuss this problem in detail. We will further employ the CMB data from ground based and satellite observations 
together with SNIa and SDSS data to constrain the coupling between dark sectors. 

The organization of the paper is as follows: in the following section we will review the general formalism of the 
perturbation theory in the presence of the interaction between DE and DM. In Sec. Ill we will discuss the large scale 
cosmic microwave anisotropics and its imprint on the "size" of DE, especially the coupling between dark sectors. In 
Sec. IV, we will present the global fitting result by using CMB data together with SNIa and SDSS data and we will 
discuss the alleviation of the coincidence problem when DE interacts with DM. We will present our conclusions and 
discussions in the end. 

II. PERTURBATION THEORY WHEN DE INTERACTS WITH DM 

In this section we will go over the perturbation theory when DE interacts with DM. The detailed descriptions can 
be found in [f(i, 2-'')]. 

The perturbed metric at first order is of the form 

^ a2[-(l + 27/')dT2 + 2d^BdTdx^ + (1 + 2(f>)S,jdx'dx^ + D.jEdx'dx^, (1) 

where -0, B, 0, E represent the scalar metric perturbations, a is the cosmic scale factor and 

A, - {^^^, - i<5., v2). (2) 

We work with general stress-energy tensor 

= pUt'U'' + Pig''" + WU"), (3) 
for a two-component system consisting of DE and DM. Each energy-mcmentum tensor satisfies the conservation law 

where Q'fx) denotes the interaction between different components and A denotes either the DM or the DE sector. 
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In the Fourier space the perturbed energy-momentum tensor reads [25] 



S', + - w^)5^ = -(1 + ^«A)fc«A - 3(1 + w^)cl,' + (2V' - <Sa)^ + 



{vx + BY + n{l - 3wx)ivx + B) = ^J^^^S, 



l + wxSpx 1 + wx 
Constructing the gauge invariant quantities [25] 



{vx + B) + kip 



-Vx 



PA PA 

a'^SQpx 
(1 + wa)pa" ' (1 + ioa)pa 
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.(5) 
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5Qlx = SQpx-Ql^ 
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PaH 

2fc' 



6 ' 



(6) 



we obtain the gauge invariant hnear perturbation equations for dark sectors. For DM it reads, 



D' 



PcU J PcH Pc 



P'c a'Q'l 1 ^ , g^Qg^ 



PcH 



-kVr + 2* 



a2^Q^^ ^2Q0' ^2g0 /^X' 



y; + HVc = fc* + - 
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(7) 



For DE, we have 



2 ^) + 



-(1 + Hfcl^d + 3H(C2 - C2)^-^i + 2* 
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where we have employed 



^Pd /^2 r'2^PdYd + B 

Pd Pd k 



(9) 



where is the effective sound speed of DE at the rest frame, is the adiabatic sound speed. 

To aheviate the singular behavior caused by w crossing —1, we substitute Vx into Ux in the above equations where 



Ux = il + w)Vx. 



(10) 
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Thus wc can rewrite eq( 7) and eq( 8) into, 



Pc'H J PcU p. 



2 no 



-kUc + 2* 



(11) 



gd 



2 r^2-sP'd 



Pd (1 + w)k 



Pd PdH Pd 
2* 



~(2 r^2\ 



The quantity $ is given by, 



PdH 

Ud P'd 
+ w Pd 



2/nO 

d 



Pd 



gd 



PdH 



Pd yu 

(1 + wjfc* 



'^'^°-C/. + (l + H^^2) 



Pd 



Pd 



47rGa2 Prji?* + mW/k} 



(13) 



fc2 - 47rGa2 ^ 

To solve the above equations we have to specify the interaction form between DE and DM. However, this is a 
hard task, since the nature of DE and DM remains unknown, it is not possible at the present moment to derive the 
precise form of the interaction between them from first principles. One has to assume a specific coupling from the 
outset [5, 23, 24] or determine it from phenomenological requirements [G, 19]. For the generality, we can assume the 
phenomenological description of the interaction between dark sectors in the comoving frame[16, 25] 



Qd = 



—(apc + 6pd), 0,0,0 



SH 

— ^(apc + 6pd), 0,0,0 



1 T 



(14) 



where , ^2 are small positive dimensionless constants and T is the transpose of the matrix. Choosing positive sign 
in the interaction, one can ensure the direction of energy transfer from DE to DM, which is required to alleviate 
the coincidence problem [11, 17] and avoid some unphysical problems such as negative DE density etc [15, 19]. The 
perturbed gauge-invariant coupling vector can be calculated by 



= -3H{^,Dg,r + ^^Dgd} + 3 |(^ - mi^ir + 6)| 



Pd 



(15) 



(16) 
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where r = PcJ Pd- For the reason as illustrated in [16, 25], we set SQ^^ = SQ^^^ = 0. Using continuous equations to 
eliminate p'\l p\ in eq( 11), eq( 12), we obtain the perturbation equations [16], 

^'gc = -kU, + m-^{ii+^2/r)-mi+^2lr)^' + mUDgd~Dg,)/r , (17) 

U', = -nUc + k^ -3H{(i+(2/r)Uc , (18) 

SHUd Ud 



D'^a = -mcl {Dgd - 3 (6r + ^2 + i + w)^}~ zn{cl - cl) 



k " ^^(l+«;)p^fc_ 
~mw (eir + 6 + 1 + It') * + SnwDd + 3u;'$ + 3{^ir + ^2)$' - kUd - 6*H(ar + 6) 

+ m^ir{Dgd - Dg,) (19) 

U'd = - MUd + kCl {D gd - i {^ir + ^2 + 1 + lu)^] 

~{Cl - CDa^Q^'d ,, ^\ + 3(Cf - CD-HUd + (1 + w)^ + m{i^T + i2)Ud. (20) 
(1 + w)pd 

In solving these equations we will adopt the adiabatic initial condition[16] 

T^gc _ Dgd 



(21) 



1 - a - 6/7- 1 + w + a?^ + 6 

Dynamical stability of the DE and DM perturbations were examined in detail in [10, 25]. In the general form of the 
phenomenological interaction, when DE EoS w > —1 and we choose the coupling between dark sectors proportional 
to the DM energy density (by setting ^ — while keeping ^ nonzero) or the total dark sectors energy density (by 
setting a ~ ^2), we observed the dynamical instability in perturbations as argued in [J 'l]. However, when we choose 
the dark sectors' mutual interaction proportional to the energy density of DE by taking ^ and ^2 7^ 0, even for 
ui > — 1 we have the stable perturbations. When EoS of DE w < —1, no matter the interaction proportional to the 
energy density of the individual dark sector or the total dark sectors, the perturbation is always stable. 

III. LARGE SCALE COSMIC MICROWAVE 

With the formalism of the perturbation theory, we are in a position to study the CMB power spectrum. In our 
analysis we will concentrate on models with constant w and a constant speed of sound. The temperature anisotropy 
power spectrum can be calculated by 



1 rik 

Ci=A7r I -V^{k)\Ai{k,To)\^ (22) 



where A/ gives the transfer function for each I, is the primodial power spectrum and tq is the conformal time 
today. On large scales the transfer functions are of the form 

Az(fc,ro) = Af^(fc) + Af^^(fc), (23) 



where Af^(fc) is the contribution from the last scattering surface given by the ordinary Sachs- Wolfe (SW) effect 
and Af^^ (k) is the contribution due to the change of the gravitational potential when photons passing through the 
universe on their way to earth and is called the ISW effect. The ISW contribution can be written as 



where ji is the spherical Bessel function, k denotes the optical depth for Thompson scattering. From Einstein 
equations, we obtain, 



where 



- r (25) 



i 

and n is the anisotropic stress of relativistic components which can be neglected in the following discussion. 

The ISW effect can be classified into early and late times effects. The early ISW effect takes place from the time 
following recombination to the time when radiation is no longer dynamically significant, which gives clues about what 
is happening in the universe from the radiation domination to matter domination. The late time ISW effect arises 
when DE becomes dynamically important and has the unique ability to probe the "size" of DE. When DE becomes 
non-negligible, the gravitational potential decays. When a photon passes throw a decaying potential well, it will have 
a net gain in energy and thus leads to the late ISW effect. The late ISW effect is a significant contribution to the 
large scale power in the temperature map of CMB. 

In the minimal case when there is no interaction between DE and DM, the presence of DE perturbations leaves a 
w and Cg dependent signature in the late ISW source term. For w > —1, it was observed that the CMB temperature 
anisotropics on large scales got enhanced for bigger constant values of Cg[27, 28]. It was argued that increasing Cg 
increases the suppression of DM perturbations and therefore increases the contribution to the ISW effect [28]. However, 
when w < —I the effect is reversed, with the perturbation initially of opposite sign, and the contribution to the ISW 
effect increases as the sound speed of DE is decreased [27]. The interplay between perturbations in the DE and DM 
and the ISW effect is very subtle and it is more direct to cross-correlate the late ISW effect to its source term, the 
change of the gravitational potential[27]. 

The late ISW effect is a promising tool to measure the EoS and sound speed of DE. Whether it can present us 
the signature of the interaction between DE and DM is a question we are going to address here. We will concentrate 



our discussions on three commonly studied phcnomenologically interaction forms between dark sectors, namely the 
interaction proportional to the energy density of DE, DM and total dark sectors, respectively. 

When we choose the coupling between dark sectors proportional to the energy density of DE, the perturbation was 
found stable with an EoS > — 1 as well as w < — For chosen constant EoS satisfying w > ~1 and Cg = 1, 

the result of large scale CMB anisotropics for different couplings are shown in Fig la. The lower set of dashed lines 
describes the late ISW effect, the middle dotted lines show the combination of the SW effect together with the early 
ISW effect and the top solid lines are for the total large scale CMB angular power spectra. It is clear to see that such 
kind of interaction between dark sectors leaves obvious signature in the late ISW effect which influences the large scale 
total CMB spectrum, but does not change much of the SW and early ISW effects. Comparing to the non-coupling 
case (^2 = 0), the positive coupling with energy decay from DE to DM enhances the late ISW effect, while the more 
negative coupling with more energy decay from DM to DE suppresses more the late ISW contribution. This can be 
understood from the evolution of the ISW source term, the change of the gravitational potential displayed in Fig lb. 
The bigger value of the coupling results in the further change of the gravitational potential. In Fig Ic we have shown 
the influence of the sound speed. It can be seen that the bigger sound speed of the DE makes the difference caused 
by different couplings bigger in the large scale CMB power spectra. 

Taking constant EoS satisfying w < —1 and Cg = 1, the influence of the interaction between dark sectors propor- 
tional to the energy density of DE on the large scale CMB power spectra is shown in Fig 2a. Again the coupling 
between dark sectors just influences the late ISW effect and thus contributes to the large scale CMB. Similar to 
that found in the w > ~1 case, the late ISW contribution becomes bigger as the coupling is more positive, which 
is supported by the correlated potential behavior in Fig 2b. The difference in the large scale CMB power spectra 
induced by this kind of interaction reduces again for smaller sound speed of DE, see Fig 2c. In the case w < —1, we 
observed some irregular phenomenons when the coupling is more negative. As shown in Fig 3a, there appears a blow 
up behavior in the late ISW contribution for very small I and so does the very large scale total power spectra. For 
more negative coupling, this blow up appears because when the spatial wavenumber k becomes small enough there is 
a sharp increase in the potential as shown in Fig 3b. The relation between the negative coupling leading to the blow 
up with EoS of DE is shown in Fig 3c. Since observations suggest the deficit of large scale CMB power, thus we can 
rule out the too negative coupling in this interaction form. 

Now we turn to discuss the coupling between dark sectors proportional to the energy density of DM, the perturbation 
was found stable with an EoS w < —I only[l(i]. Choosing constant EoS with w < —1 and sound speed = 1, the 
influence of the interaction between DE and DM is displayed in Fig 4a. We see that for this kind of phenomenological 
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(a) (b) 




(c) (d) 

Figure 1: The small 1 CMB angular power spectra when the coupling is proportional to the energy density of DE. The EoS of 
DE satisfies w > —1. The up panel of (d) shows the cross-spectra and the lower panel shows the galaxy power spectra. 



coupling, the SW effect together with the early ISW effect get more modification than the late fSW effect due to 
the coupUng. Contrary to the coupling proportional to the energy density of DE case, we found that for this kind of 
interaction the more positive coupling results in the more suppression in the CMB anisotropics. This is reasonable 
if wc look at its correlated potential behavior, see Fig 4b. In Fig 4c we have shown that the smaller sound speed of 
DE will enhance the difference in the very large scale power in the temperature map, which is also different from the 
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Figure 2: The small 1 CMB angular power spectra when the coupling is proportional to the energy density of DE. The EoS of 
DE satisfies w < — l.The up panel of (d) shows the cross-spectra and the lower panel shows the galaxy power spectra. 



result we have seen above for the coupling proportional to the DE energy density. 

For the interaction between DE and DM proportional to the energy density of total dark sectors, we list our results 
in Fig 5, which is very similar to that wc observed when the interaction proportional to the energy density of DM. 

With the formalism of the perturbation theory when DE and DM are in interaction, we have analyzed the signature 
of the coupling between dark sectors from the large scale CMB anisotropics. The large scale power in the temperature 



10 



1400 




-1.10 -1.08 -1.06 -1.04 



w 

(c) 

Figure 3: The irregular behaviors of the small 1 angular power spectra when the couplings get too negative. Figure (c) indicates 
the blow up with regard to ^2 and w. 

map looks very different when interactions are included and this provides the possibilities to use the large scale CMB 
information to constrain the coupling between dark sectors. 

By far we only discuss the influence of the ISW effect on the CMB auto power spectrum. Since the late ISW 
effect arises from the time varying gravitational potential, which correlates with the large scale structure (LSS) of 
the universe, the cross correlating CMB with tracers of LSS provides another way of measuring the ISW effect [-IT]. 
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Figure 4: The small 1 CMB angular power spectra when the coupling is proportional to the energy density of DM. The DE 
EoS satisfies w < —1. The up panel of (d) shows the cross-spectra and the lower panel shows the galaxy power spectra. 



Progresses in CMB and LSS surveys have enabled detections of the ISW-LSS cross correlation at ~ 3a level [38]. The 
S/N can be further improved by a factor of a few for future all sky LSS surveys. This cross correlation technique has 
a number of advantages. First, the primary CMB does not correlate with the LSS and thus docs not bias the ISW 
measurement. Second, the cross correlation signal is oc ATiswi which tells whether the potential decays or grows. The 
later case can happen in our interacting dark matter-dark energy models (e.g, panel b, Fig. 3) and in modified gravity 
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Figure 5: The small 1 CMB angular power spectra when the coupling is proportional to the energy density of total dark sectors 
and the EoS w < — l.The up panel of (d) shows the cross-spectra and the lower panel shows the galaxy power spectra. 



models. As a comparison, the CMB auto power spectrum is only sensitive to ATjg^ and thus loses this capability. 
Third, through the redshift distribution of the LSS, we are able to recover the redshift evolution of the gravitational 
potential and thus infer more details on the dark matter-dark energy interaction. Thus the ISW-LSS cross correlation 
is potentially powerful for probing the dark matter-dark energy interaction. However, due to the low signal-to-noise 
ratio of the current ISW-LSS measurements and the complexities in the theoretical interpretation (e.g. the galaxy 
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bias) , we will not confront our model predictions against the existing ISW-LSS cross correlation measurement in this 
paper. Instead, we will just calculate the expected cross correlation signal between the ISW effect and galaxies, for 
some representive cases. 

The auto- and cross-correlation power spectra are given by 

/dk 
-V^{k)ir[k)If[k) (26) 

Cf =4^1 *7',(fc)/r(fc)Af^^(fc), (27) 

where the integrand for galaxy densities If{k) reads, 

/f(fc) = j dzbg{z)n{z){Dg, + Dg,)ji[kx{z)]. (28) 

Here bg{z) is the galaxy bias, n(z)is the redshift distribution and x(z) is the conformal distance, or equivalently the 
look-back time from the observer at redshift z ~ Q, 

r- dz' r° 

X{z) = / -— = / dr = TO - T,{z). (29) 
We assume h{z) ^ 1 for simplicity and adopt the redshift distribution of the form[.'-)9], 



n(2) = :^-3exP 

Z Zg 



3 r .^^3/2] (30) 

zo J 

normalized to unity and peaking near the median redshift z^ = 1.4zg. For illustrative purpose, we choose z^ = 0.1 
and Zra — 0.4 throughout our analysis. The first choice resembles a shallow survey like 2MASS and the second one 
resembles a survey similar to SDSS photo-z galaxy samples. 

When the coupling is proportional to the energy density of DE and the EoS is larger than — l(u' > —1), the cross 
power spectra and auto correlation power spectra of galaxies are shown in Fig Id. For lower redshift galaxies survey 
Zm = 0.1, comparing with the LCDM model we see that the couplings significantly change both the cross spectra and 
the auto spectra. The negative couplings enhance the power of the correlation while the positive couplings hinder 
such correlation. When the EoS is smaller than —1, we find very similar results as shown in Fig 2d. However, for 
deeper redshift galaxies survey z,„ = 0.4, the couplings do not imprint significantly on the cross power spectra and 
auto correlation power spectra of galaxies as compared with z^ = 0.1. 

When the coupling is proportional to the energy density of DM or total dark sectors, we find from Fig 4d,Fig 5d 
that the cross power spectra are more sensitive to the couplings at lower I part than that of higher I part when the 
median redshift around 0.1. This feature is different from that shown in Fig Id and Fig 2d when the interaction is 
proportional to the energy density of DE, where it was found that at small I when ISW effect amplified, the ISW-LSS 
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cross-correlation is not so much different due to the couphng. While in the other way, for higher redshift survey 
Zm = 0.4, we find less such effect on the cross and auto spectra. 

The qualitative behaviors presented here show that the 2MASS survey has more possibility in discriminating the 
interaction between dark sectors than that of SDSS survey. It is expected in the future that galaxy surveys with 
photo-z measurements or even spec-z measurements, along with better CMB measurements, could provide better 
ISW-LSS cross-correlation measurements at each redshift bin. However, since the latest result on the measurement of 
this effect is not better than ~ Str [40] in accuracy, we will not incorporate the relevant data set in our global fitting 
in this work. 

In the next section we are going to report the fitting result by comparing with observations of CMB. 
IV. CONSTRAINTS USING OBSERVATIONAL DATA AND THE COINCIDENCE PROBLEM 

In order to further see the signature of the interaction between DE and DM, in this section we will compare our 
model with observational data by using joint likelihood analysis. We take the parameter space as 

P = {h, Ub, Ucdm, T,lll[10'^^ As], ris, ^1,^2, w) 

where h is the bubble constant, uji, = Q.^h? ,LOcdm — ^cdmh^, is the amplitude of the primordial curvature pertur- 
bation, Hs is the scalar spectral index, and ^2 are coupling constants proportional to the energy density of DM and 
DE respectively, w is the EoS of DE. We choose the flat universe with flk = and our work is based on CMBEASY 
code[29]. 

In the global fitting, we have used CMB data coming from WMAP5 temperature and polarization power spectra. 
We used Gibbs sampling routine provided by WMAP team for the likelihood calculation. In the small scale CMB 
measurements, we included BOOMERanG[30], CBI [31], VSA[32] and ACBAR[33] data. In order to get better 
constraint on the background evolution, we have added SNIa[34] data and marginalized over the nuisance parameters. 
We also incorporated the data from large scale luminous red galaxies(LRGs) survey, we used SDSS [35] data as powerful 
constraint on real-space power spectrum P{k) at redshift z ^ 0.1. 

Since the terms incorporating Q'^ on the left hand sides of eq. (19,20) encounter the irreducible singularity when w 
crossing —1, we therefore set prior on EoS either w>— lorwi<— 1. We take the effective sound speed Cg = 1 in 
our analysis. 

The global fitting results for different forms of interaction between dark sectors are shown below: 
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Figure 6: The behaviors of the ratio r = pc/ pd when the couphng is proportional to the energy density of DE. The left one for 
w > —1 and the right one for w < —1. 



A. The interaction proportional to DE energy density 



For the DE EoS w > — 1, we have the result 
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In both cases we observed from the global fitting that the coupling between DE and DM in the Icr range can either 
be positive or negative. Using the best-fit results, we have studied the coincidence problem. We paid attention to the 
ratio of energy densities between DE and DM, r = Pel Pd- a-nd its evolution. No matter for > — 1 or w < — 1, we 
observed that a slower change of r for positive coupling as compared to the nonintcracting case. This means that the 
period when energy densities of DE and DM are comparable is longer when there is a positive coupling between DE 
and DM, see Fig 6 for an example. 

B. The interaction proportional to DM energy density 

Now we report the fitting result for the interaction between dark sectors proportional to the energy density of DM. 
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(a) (b) 

Figure 7: The likelihood for the coupling constant when the interaction is proportionl to the energy density of DM (left) and 
the total dark sectors (right). 

It is interesting to see that for this kind of interaction, the global fitting told us that in Icr range the coupling 
between DE and DM is always positive, see Fig 7a. This is encouraging, since for positive coupling with the energy 
decay from DE to DM we can always have the slower change of r as compared to the noninteracting case as shown 
in Fig 8. Thus with this kind of interaction the coincidence problem can be overcome. Another interesting point is 
that employing this kind of interaction form we can constrain the coupling to a very precise value compared with the 
interaction proportional to the energy density of DE. This is because this kind of interaction shows up not only in 
the late ISW effect, but also the SW and early ISW effects as shown in Fig 4. As displayed in Fig 8, DE and DM can 
trace each other from very early period. It can leave imprints in at smaller scales (bigger I multipoles) where there are 
more independnet modes to improve observation accuracy. This can help to reduce the uncertainty in determining 
the coupling constant for this kind of interaction. 

C. The interaction proportional to energy density of total dark sectors 

For the interaction proportional to the energy density of total dark sectors, we have obtained the similar result as 
in the above subsection. The results are shown below: 
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The likelihood of the coupling constant is shown in Fig 7b. The evolution of the ratio of energy densities between 
DE and DM for this kind of interaction is shown in Fig 9. 



17 




Figure 8: The behaviors of the ratio r = pcdm/ pd when the coupUng is proportional to the energy density of DM. 




Figure 9: The behaviors of the ratio r = pcdm/ pd when the coupling is proportional to the energy density of total dark sectors. 
V. CONCLUSIONS AND DISCUSSIONS 

We have reviewed the formalism of the perturbation theory when there is interaction between DE and DM. Based 
upon this formalism we have studied the signature of the interaction between dark sectors in the CMB large scale 
temperature fluctuations. We found that in addition to disclose the DE EoS, sound speed, the late ISW effect is a 
promising tool to measure the coupling between dark sectors. When the interaction between DE and DM takes the 
form proportional to the energy density of DM and the total dark sectors, because in these cases DE and DM started 
to chase each other since early time, the interaction not only presents in the late ISW source term but also leaves 
imprint in the SW and early ISW effects. These properties provide a possible way to examine the interaction between 
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DE and DM even from smaller scale in CMB observations. 

We have performed the global fitting by using the CMB power spectrum data including WMAP5 data and balloon 
observational data together with SNIa and SDSS data to constrain the interaction between DE and DM. When the 
interaction between DE and DM takes the form proportional to the energy density of DM and the total dark sectors, 
since it leaves more information in the CMB power spectra, not only just in the very large scale, the coupling can be 
constrained in a very precise range. In la the coupling is positive indicating that there is energy transfer from DE to 
DM. This kind of energy transfer can help to alleviate the coincidence problem compared to the noninteracting case. 

It is of great interest to extend our study to a field theory description of the interaction between DE and DM and 
examine its signature in the large scale CMB power spectra. A possible field theory model was proposed in [4(.>] and 
further investigation in this direction is called for. 
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